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We propose an all-optical experiment to quantify non-Markovianity in an open quantum system through
quantum coherence of a single quantum bit. We use an amplitude damping channel implemented by an optical
setup with an intense laser beam simulating a single-photon polarization. The optimization over initial states
required to quantify non-Markovianity is analytically evaluated. The experimental results are in a very good
agreement with the theoretical predictions.
Quantum coherence is a fundamental feature of quantum
mechanics and is an important physical resource in quantum
information [1–3]. Quantum optical methods provide an im-
portant set of tools for the manipulation of coherence, and
indeed, at its basis lies the formulation of the quantum the-
ory of coherence [1, 4, 5]. Optical setups are largely used to
investigate quantum information tasks once one can encode a
quantum bit (qubit) in the degrees of freedom of light, such
as propagation path, polarization, and transverse modes. For
instance, entanglement [6, 7], quantum computation [8, 9],
quantum gates [10, 11], quantum cryptography [12], and tele-
portation [13] have been investigated by encoding qubits in
the degrees of freedom of light. In parallel, recent works
have been exploring linear optical setup with an intense laser
beam for investigate quantum features. This interesting ap-
proach has been used to investigate the emergence of topo-
logical phases in the evolution of a pair of entangled qubits
[14], environment induced entanglement [15], Bell’s inequal-
ity [16, 17], Mermin’s inequality for entangled tripartite sys-
tem [18], cryptography [19], and conditional operations that
emulate quantum gates [20, 21]. In this scenario, linear op-
tical circuits associated to intense laser beams can be used to
simulate single-photon experiments.
Inspired by the recent developments about the quantita-
tive characterization of coherence [3], our purpose here is to
investigate through both theory and experiment the applica-
tion of quantum coherence of a single qubit as a measure of
non-Markovianity in an open quantum system. Classical and
quantum correlations between two or more subsystems have
been previously applied to characterize a non-Markovian evo-
lution [22–24]. While such correlations characterize the quan-
tum features of a system with at least two parties, quantum
coherence is already defined for a single system [1–3], which
provides the simplest scenario to access quantum superposi-
tion. By taking into account that the non-Markovian behav-
ior can be characterized via quantum coherence [25], as an
example, we analize a single-qubit non-Markovian amplitude
damping (AD) channel theoretically and experimentally. We
experimentally realize this system through an optical setup
with an intense laser beam simulating a single-photon polar-
ization, with the system-environment interaction encoded in
the propagation path. The experiment provides a convenient
framework to illustrate the quantification of non-Markovianity
through the revivals of the single-qubit coherence, which are
controllable in terms of the non-Markovian strength.
Let us begin our discussion describing the incoherent states
and the incoherent operations. Coherence is naturally a basis-
dependent concept [1]. For this reason, we need first to define
an orthonormal local reference basis {|r〉} = {|r1〉 ⊗ · · · ⊗ |rN〉}
for an N-partite system represented in a d-dimensional Hilbert
space H . The density matrices acting on H that are diagonal
in this specific basis form the set of incoherent density op-
erators I acting on H . Therefore, all density operators of
the form δ =
∑d
r=1
pr |r〉〈r|, with the set {pr} denoting a prob-
ability distribution, are incoherent (δ ∈ I) [3]. For Marko-
vian quantum open systems, the quantum operations are de-
scribed by completely positive and trace-preserving (CPTP)
maps in terms of a set of Krauss operators {Kn} satisfying∑
n K
†
n Kn = I [26]. By definition, incoherent CPTP (ICPTP)
operations are a subset of quantum operations with the restric-
tion KnIK†n ⊂ I for all n. Thus, ICPTP operations, which act
as ΦICPTP(ρ) =
∑
n KnρK
†
n , transform incoherent states into in-
coherent states, i.e., for any δ ∈ I, ΦICPTP(δ) ∈ I [1, 3]. A
measure of coherence C is a nonnegative function which van-
ish for incoherent states and is a nonincreasing monotone un-
der incoherent ICPTP operations, C(ρ) ≥ C(ΦICPTP(ρ)). Some
examples of C(ρ) which fulfills these conditions are the rel-
ative entropy of coherence, l1 norm of coherence [3], geo-
metric coherence, coherence monotones from entanglement
[27], among others[1, 28, 29]. An important class of coher-
ence measures is given by a (pseudo-)distance between ρ and
the closest incoherent state δmin: C(ρ) = D(ρ, δmin), where D
is a contractible (pseudo-)distance measure [3]. An example
of a distance-based coherence is the trace norm of coherence,
which for the one-qubit case is given by C(ρ) =‖ ρ − δmin ‖1=
2|ρ12|, where ‖ A ‖1= tr
√
A†A denotes the trace norm of the
matrix A and ρ12 denoting the off-diagonal element of the one-
qubit density matrix ρ [3, 29].
Markovian evolution washes out correlations in a quantum
system, making quantum correlation measures monotonic un-
der local CPTP maps [22, 24, 30–32]. It has been proved
that basis-independent measures of quantum coherence may
be exactly equivalent to entanglement [27] and other quan-
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2tum correlations [33, 34]. Following the same line of thought,
based on the monotonically decreasing behavior of quantum
coherence measures under ICPTP maps, we have that for
Markovian dynamics, it follows that dC(ρ(t))/dt ≤ 0, where
C(ρ) is a proper quantum coherence measure. Thus, any vi-
olation of this monotonicity dC(ρ(t))/dt > 0 at any time t
will provide an indication of non-Markovianity for an arbi-
trary quantum coherence measure defined in terms of any
non-diagonal reference basis. From this non-monotonicity of
quantum coherence measures, we can define a quantifier of
non-Markovianity as
NC(Φ) = max
ρ(0)
∫
dC(ρ(t))
dt >0
d
dt
C(ρ(t))dt, (1)
where the maximization is taken over all initial states
ρ(0) [25]. Hence, NC(Φ) quantifies the degree of non-
Markovianity for dynamical maps that preserve incoherence.
It leads to the interpretation of the reservoir memory effect as
a backflow of quantum coherence on the initial state, after the
state has been subject to a noisy channel for a certain time.
In order to quantitatively analyze of NC(Φ), we will
consider the coherence of a single qubit in the computa-
tional basis {|0〉, |1〉} under a non-Markovian AD-channel,
whose dynamics is given by the damped Jaynes-Cummings
model on resonance, which is often used to describe a
two-level atom interacting with a single cavity mode cou-
pling to a bosonic reservoir [32, 35]. The incoherent
Kraus operators of this channel are defined by: K0 =
|0〉〈0| + √p(t)|1〉〈1|, K1 = √1 − p(t)|0〉〈1|, where p(t) =
e−Γt
{
cos
(
Γ
√
α−1
2 t
)
+ 1√
α−1 sin
(
Γ
√
α−1
2 t
)}2
. Here α = 2γ/Γ, be-
ing γ the system-reservoir coupling constant and Γ the decay
rate of the qubit [35]. In the weak-coupling regime, i.e. for
0 ≤ α ≤ 1, p(t) is monotonically decreasing (it is essentially
an exponential decay controlled by γ). On the other hand,
in the strong-coupling regime α > 1, p(t) exhibits a non-
monotonic behavior and the non-Markovian effects become
relevant.
Let us now calculate NC(Φ) for the non-Markovian AD-
channel. In particular, the trace norm of coherence for this
channel is given by C(t) = C(0)
√
p(t), where C(0) = 2|ρ12(0)|.
For 0 ≤ α ≤ 1, C(t) is monotonically decreasing and, con-
sequently, NC(α) = 0. On the other hand, for α > 1, C(t)
shows an oscillatory decay with the maximums and mini-
mums occurring at tmaxm = 2piΓ
−1 (α − 1)−1/2 m and tminm =
tmaxm+1 − 2Γ−1 (α − 1)−1/2 arctan
√
α − 1 (m = 0, 1, 2, ..), respec-
tively. In this case, Eq. (1) can be written as
NC(α) = max
ρ(0)
∞∑
m=1
[
C(tmaxm ) −C(tminm−1)
]
= max
ρ(0)
C(0)
∞∑
m=1
e−pim/
√
α−1 (2)
being {(tminm , tmaxm−1)} (m , 0) the set of all intervals of time
such that dC(ρ)/dt > 0. The maximization over ρ(0) is sat-
isfied when C(0) = 1, i.e., when |ρ12(0)| = 1/2. In addition,∑∞
m=1 e
−pim/√α−1 =
(
epi/
√
α−1 − 1
)−1
. Thus, we find a compact
analytical expression for the degree of non-Markovianity in
terms of the parameter α, reading
NC(α) =

(
e
pi√
α−1 − 1
)−1
α > 1,
0 0 ≤ α ≤ 1.
(3)
The behavior of NC(α) is illustrated in Fig. 1. In particular,
NC(α) ≈ √α/pi in the strong non-Markovian regime (α >>
1). The effect of the AD-channel on a single qubit system in
FIG. 1. Degree of non-Markovianity NC as a function of the parame-
ter α for an one-qubit system under a non-Markovian AD noise. The
values of NC for α = 20 and α = 200 will be particularly analyzed in
the experimental realization. In the inset, we detail the evolution of
NC for the regime 0 ≤ α ≤ 2.
the maximally coherent state |ψ+〉 = 1√2 [|0〉S + |1〉S ] can be
regarded through the following map
|ψ+〉S |0〉R → 1√
2
[ |0〉S |0〉R +
√
p(t) |1〉S |0〉R +
√
1 − p(t)|0〉S |1〉R ].
(4)
where the label S and R stands for system and reservoir states,
respectively. Looking at the right-hand side of Eq. (4), we can
see that the ground state of the qubit (|0〉S ) remains unchanged
along the evolution (first term). On the other hand, the excited
state of the qubit (|1〉S ) can decay with probability [1 − p(t)].
Note that for t → ∞, [1 − p(t)]→ 1, which means the excited
qubit will decay after long time interaction with the channel.
For this case, the superposition is lost and the system state
decays to its ground state, for which coherence vanishes. As
discussed before, depending on the system-reservoir coupling
constant α we can achieve Markovian or Non-Markovian be-
havior. The Non-Markovian behavior can be witnessed by
observation of oscillations on the coherence values along the
evolution.
In order to experimentally investigate Non-Markovian sig-
natures by means quantum coherence in the AD channel, we
used propagation direction (path) and the polarization degrees
of freedom of light. The system states are encoded in the po-
larization and the reservoir is encoded in the path. Regard-
ing the state of polarization of a single-photon as a two-level
system, we can associate the horizontal and vertical polariza-
tion state with the ground state (|H〉 ≡ |0〉S ) and excited state
(|V〉 ≡ |1〉S ), respectively. Regarding the reservoir, the ground
state |0〉R is encoded in the output of the AD-channel circuit
that does not change the input state of the system (polariza-
tion).
3We performed the experiment with an intense laser beam
once it simulates the single-photon experiment and its results
present the essence of the phenomenon we are studying. The
use of intense laser beam to simulate quantum tasks has been
used frequently in the literature [14–21]. In this approach, a
laser beam polarized at +45◦ can be regarded as the analog
of the maximally coherent state, |ψ+〉S . Then, we represent
the H and V polarization respectively as |H〉 and |V〉, in order
to directly associate the polarization quantum state of a sin-
gle photon. The linear optical circuit used in the experiment
is presented in Fig. 2. A DPSS laser (532nm, 1.5mw power,
H-polarized) passes through a half wave plate (HWP1@22.5)
with its fast axis making an angle of 22.5◦ by respect the hor-
izontal in order to prepare a +45◦ polarized beam, i.e., the
analogue to the state |ψ+〉S ≡ |+〉S = 1√2 ( |H〉 + |V〉 ). The
resulting path is associated with the reservoir ground state.
Then, after the HWP1, we have the input state |+〉S |0〉R. This
step is highlighted in Fig. 2 in the block ”Preparation”. It is
worth to mention that we can prepare different input states by
rotating HWP1.
The AD-channel starts with a polarized beam splitter
(PBS1) that transmits H-polarization (|H〉) and reflects the V-
polarization(|V〉). The reflected component passes through the
HWP2@θ, (with θ measured by respect the vertical). By set-
ting θ = 0◦, polarization is not changed and the beam is re-
flected in PBS2 in the path |0〉R (showed in Fig.2). In the
transmitted arm of PBS1 a fixed HWP3@0◦ maintain polar-
ization unchanged and this component also leave the chan-
nel in path |0〉R. A piezoelectric ceramic (PZT) placed in
one mirror controls the difference of phase ∆φ between the
two arms. This device allows us to perform a coherent su-
perposition of |H〉 and |V〉 components in the output path
|0〉R. For ∆φ = 0 we recover the +45◦ polarized light, i.e.,
|+〉S |0〉R . This case simulates the instant t = 0, when the
system has not yet interacted with the reservoir and the co-
herence is kept maximal. The HWP2@θ emulates the pa-
Tomography
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FIG. 2. Experimental setup.
rameter p(t). After HWP2@θ we have the following trans-
formation: |V〉 → sin(2θ) |H〉 + cos(2θ) |V〉. Then, by ad-
justing ∆φ = 0, the polarization of the beam in the path
|0〉R is |φ0(θ)〉S |0〉R = 1√2 [ |H〉 + cos(2θ) |V〉 ] |0〉R. On the
other hand, for the output path associated to |1〉R we have
only the horizontal component of the polarization produced
by HWP2@θ |φ1(θ)〉S |1〉R = 1√2 [ sin(2θ) |H〉 ] |1〉R, which
corresponds to the damping produced by the channel with the
reservoir state receiving a quantum of energy. The complete
map of the AD-channel circuit can be written as
|ψ+〉S |0〉R → |φ0(θ)〉S |0〉R + |φ1(θ)〉S |1〉R
→ 1√
2
[ |H〉S |0〉R + cos(2θ) |V〉S |0〉R (5)
+ sin(2θ) |H〉S |1〉R ].
By comparing Eq. (5) and Eq. (4) we identify sin(2θ) =√
1 − p(t). Then, for each γt we can associate a correspond-
ing angle θ of the HWP2@θ. Note that p(t) is emulated by
the optical setup. The states associated with the paths |0〉R and
|1〉R of the AD-channel output are directed to the ”tomogra-
phy” block that performs a polarization state tomography [36]
for the case where we trace-out the environment. PBS3 mea-
sure the polarization in {|H〉, |V〉} basis, HWP4@22.5◦ asso-
ciated with PBS3 proceed measurements in the diagonal ba-
sis ( {|+〉, |−〉}), and the sequence of a quarter wave plate
QWP@0◦, HWP4@22.5◦, and PBS3 measure in the right-
handed and left-handed circular polarization basis ({|R〉, |L〉}).
HWP5@45◦ is used to make |H〉S be reflected by PBS3.
The intensity of each component is projected on a screen
and recorded in a single image by a charged-coupled-device
(CCD) camera. The normalized intensity Iβ/IT (β = A, B,
T ≡Total) plays the role of the probabilities in the density ma-
trix ρi j reconstruction. Depending on the measurement basis
A = H,+, and R, while B = V,−, and L, respectively. Fig. 3
shows the resulting intensities for θ = 0◦, which corresponds
to the initial state in AD-channel (t = 0). The tomographic
measured basis are indicated to the left of each image. Bars at
the right of each the image illustrate the normalized intensity,
that was used to obtain the corresponding density matrix [36]
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FIG. 3. Image false color for tomography of the initial state |+〉S .
Normalized intensity of basis components are represented by black
(theory) and grey (experiment) bars.
and calculate the coherence as C(t) = 2|ρ12(t)|. For the initial
state we obtained C(0) = 0.98 ± 0.03, very close to the ex-
pected unit value. The error comes from the limited visibility
of the interferometer and the intensity sensitivity of the CCD
camera.
Now we are able to evaluate non-Markovian signatures in
the AD channel by means of coherence. It is worth to men-
tion that p(t) has different behavior for Markovian and Non-
Markovian evolution. One can achieve both evolutions by
controlling the coupling constants Γ and γ in p(t) and we can
4find the correspondent θ for each γt. By performing the to-
mography of the output states, we reconstruct the correspond-
ing density matrix and calculate the coherence for each γt.
The results are shown in Fig. 4, with the discrete points rep-
resenting the experimental data and the solid curves their cor-
responding theoretical counterparts.The agreement is remark-
able.
By setting Γ = 5γ, we found α = 0.4, which implies in
Markovian behavior, as indicated by Eq. (3). As it can be
seen from the plot, coherence vanishes fast, presenting an ex-
ponential decay as expected for Markovian evolution. Let us
verify the results for an increment of the coupling. By setting
Γ = 0.1γ, we obtain α = 20, leading to small oscillations of
the coherence before totally vanishing, in agreement with a
smooth non-Markovian behavior expected for this value of α
according to Eq. (3). By setting Γ = 0.01γ, we have α = 200.
Then, according to Eq. (3), a strong Non-Markovian evolu-
tion is expected to occur. This is indeed observed, with the
presence of strong revivals of coherence.
a  =  0.4
a  =  20
a  =  200
FIG. 4. Experimental coherence for Markovian behavior (black tri-
angles), weak non-Markovian behavior (white squares), and strong
non-Markovian behavior (black circles). The solid lines represent
the theoretical curves, for α = 0.4 (red), α = 20 (blue), and α = 200
(green).
Let us now discuss the quantifier of non-Markovianity
NC(α), evaluated from the experimental data. The values of α
considered in the experiment are pointed out in the theoretical
plot exhibited in Fig 1. For the Markovian evolution (α = 0.4)
no revivals are observed, and NC(α) = 0, as expected by Eq.
(3). For the weak non-Markovian behavior (α = 20) we can
clearly identify five local maximum revivals of coherence in
Fig.4. For this case we experimentally found NC(α) = 0.86,
which is close to the value NC(α) = 0.92 obtained from the
theoretical expression given by Eq. (3) when 5 revivals are
considered. On the other hand, by integrating from 0 to t → ∞
(infinite revivals) we obtain NC(α) = 0.95. This difference
between the total integration and the finite revivals become
more accentuated for larger α. For the case when α = 200, we
experimentally observed 3 revivals for the time range of the
experiment, which produces NC(α) = 1.90 in agreement with
the theoretically calculated value NC(α) = 1.95 for 3 revivals.
However, in this case, the comparison between calculation us-
ing experimental values and integration of Eq. (3) is not ap-
propriated, since only 3 revivals have been considered in the
experiment. By integrating Eq. (3) we find NC(α) = 4.01
[see also Fig 1]. Hence, for a strong non-Markovian regime,
the computation of NC requires that the observation time is
sufficiently large in order to the experimental values for finite
revivals to reproduce the theoretical result predicted by Eq.
(3) for infinite revivals.
We have presented an all-optical experiment to observe
non-Markovian behavior through a coherence-based quanti-
fier of non-Markovianity NC(α). We have shown that, under
the allowed incoherent operation criterion, the monotonicity
of the valid coherence measure may be affected by a partial
backflow of the previously lost information of the system to
the environment. An advantage of this method is that, instead
of using ancillary subsystems, it involves only a single qubit,
implying a simpler process of optimization and empirical re-
alization. It is worth emphasizing that the coherence measure
of non-Markovianity is applicable beyond the AD channel,
holding for any incoherence-preserving channel.
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